Introduction
[2] Anthropogenic aerosols and mineral dust in Eastern Asia and the Northwest Pacific are considered to significantly affect radiative forcing and the global atmospheric environment [Jaffe et al., 1999; Husar et al., 2001] . Thus, the outflow of desert dust and anthropogenic aerosol from Eastern Asia to the Pacific is the target of the Asian Pacific Regional Aerosol Characterization Experiment (ACE-Asia) of the International Global Atmospheric Chemistry Program (IGAC). As a part of the Japanese activities in ACEAsia, we conducted lidar observation in the Pacific on cruise MR01-K2 of the research vessel Mirai (May 14 to 28, 2001) at the same time with various sampling measurements and physical measurements. In this paper, we report on the aerosol plumes observed with the lidar during the cruise.
[3] The lidar we used in the observation is a two-wavelength, Mie-scattering lidar (1064 nm, 532 nm) with a depolarization measurement capability at 532 nm . We analyzed the characteristics of the observed aerosols using the aerosol depolarization ratio and the ratio of backscattering coefficients at 1064 nm and 532 nm. The aerosol depolarization ratio is useful for identifying dust aerosols because it indicates nonsphericity of the scatterer [Browell et al., 1990; Murayama et al., 2001] . The wavelength ratio is useful for obtaining aerosol particle size information. We also used the model prediction with the real-time Chemical Weather Forecast System (CFORS) developed at Kyushu University [Uno et al., 2001b ] to identify aerosol types.
Observations and Modeling
[4] Lidar observations were performed continuously during the whole MR01-K02 cruise of R/V Mirai. Figure 1 shows the cruise track. The lidar employs a flash-lamppumped Nd:YAG laser as a light source that generates the fundamental output at 1064 nm and the second harmonic at 532 nm. The transmitted energy is typically 100 mJ per pulse at 1064 nm and 50 mJ per pulse at 532 nm. The pulse repetition rate is 10 Hz. The receiver telescope has a diameter of 25 cm. It has three detection channels to receive GEOPHYSICAL RESEARCH LETTERS., VOL. 29, NO. 19, 1901 , doi:10.1029 /2002GL015112, 2002 Copyright 2002 by the American Geophysical Union. 0094-8276/02/2002GL015112$05.00 the lidar signals at 1064 nm and two polarization components at 532 nm. An analogue-mode avalanche photo diode (APD) is used for 1064 nm, and photomultiplier tubes (PMTs), for 532 nm. The lidar system was installed in a container with a glass window on the roof, and it was operated continuously regardless of weather . Automated sky-radiometer observation was conducted by Hokkaido University throughout the cruise. Radiosondes were launched twice a day (0900 and 2100 JST) by the Japan Marine Science and Technology Center (JAMSTEC). Also, surface meteorological parameters were recorded routinely.
[5] We compared the observation with the real-time Chemical Weather Forecast System (CFORS). The CFORS was developed based on a 3D on-line regional scale chemical transport model fully coupled with the Regional Atmospheric Modeling System (RAMS). One of the main purposes of this CFORS is to understand the regional transboundary pollution and to schedule and design an operational field monitoring campaign during the TRACE-P (TRAnsport and Chemical Evolution over the Pacific) and the ACE-Asia intensive observations scheduled during the spring of 2001. The simulation domain adopted is centered at 25°N, 115°E. The horizontal grid consists of 100 by 90 grid points, with a resolution of 80 km. In the vertical dimension, the domain is divided into 23 layers. The present CFORS system includes the following chemical transport species: SO2/Sulfate, DMS, volcano tracer, megacity urban plume, black carbon, organic carbon, sea salt, CO, hydrocarbons, and Radon and mineral dust (12 bins). Concept of dust transport and details of CFORS can be found in Uno et al. [2001a Uno et al. [ , 2001b .
Results and Discussion
[6] Figure 2 shows the results of the lidar observation throughout the cruise (May 14-27). (a) Cloud base height and apparent cloud top height, (b) aerosol backscattering coefficient at 532 nm, (c) aerosol depolarization ratio at 532 nm, (d) the ratio of the aerosol backscattering coefficients at 1064 nm to 532 nm, and (e) aerosol optical depth from the sea level to 6 km altitude. The lidar data were analyzed in the same manner as described in Sugimoto et al. [2001] . The threshold method was applied to detect clouds to the 15-min averaged lidar profiles. In the aerosol analysis, the profiles having clouds below 3 km were removed and the geometrical form factor correction was applied. Aerosol backscattering coefficient was obtained with the two-component backward inversion method [Fernald, 1984] with an assumption of constant lidar ratio (or extinction-to-backscatter ratio), S1. We set the boundary condition above 6 km or at the highest height below the clouds when there were clouds between 3 and 6 km. We assumed S1 = 50 sr both at 532 nm and 1064 nm based on the climatological analysis for tropospheric aerosols over Tsukuba, Japan [Sasano, 1996] . The recent observations with a Raman lidar and a high-spectral-resolution lidar also showed that S1 is 40-55 at 532 nm for Asian dust [Liu et al., 2002] . We tested S1 = 40 sr and 60 sr to estimate the error introduced by the assumption of S1. The difference from the S1 = 50 sr case was about +16% and À11% at 1 km height. We applied non-zero boundary values for aerosol backscattering when the inversion result gives negative backscatter coefficient in the lower altitude. The boundary values were determined iteratively. The Mie to Rayleigh scattering ratio at the boundary was less than 0.5 in the most cases. In the inversion of the 1064 nm data, we used the method similar to that developed for a space-borne lidar Sugimoto et al., 2001] . In this method, the boundary conditions were determined from the signals at 532 nm, aerosol backscattering coefficient at 532 nm, (c) aerosol depolarization ratio at 532 nm, (d) the ratio of the aerosol backscattering coefficients at 1064 nm to 532 nm, and (e) aerosol optical depth from the sea level to 6 km altitude with an assumption of S1 = 50. Optical depth obtained with a skyradiometer is also indicated in (e). Areas with insufficient signal-to-noise ratio were set to white.
because the signal-to-noise ratio of the Rayleigh scattering signal at 1064 nm was not sufficiently high. The boundary values for Rayleigh and Mie scattering were separately estimated when non-zero boundary values were used in the inversion at 532 nm. We assumed a wavelength dependence of aerosol backscattering of l À1 at the boundary.
[7] Aerosol depolarization ratio (ADR) or particle depolarization ratio (PDR) [Browell et al., 1990] was derived from the total-to-Rayleigh backscattering ratio (BR), and the total depolarization ratio (TDR), from the following equation [Liu et al., 2002] .
where MDR is the molecular depolarization ratio. We used MDR = 0.014 in this work. ADR is sensitive to errors when the backscattering coefficient is small. We masked in Figure  2c the areas where the statistical error was large. Errors in wavelength ratio are introduced from the errors in backscattering coefficients at 532 nm and 1064 nm. The largest source of the error in 1064 nm in this work is the error in the boundary condition. Errors as large as 50% may be included in the absolute value. The relative error in a profile is smaller. The areas where the statistical error was large were masked in Figure 2 .
[8] Optical depth at 500 nm observed with a sky-radiometer is also plotted in Figure 2e . As seen in Figure 2a , middle and high altitude clouds are often observed, and cloud free daytime condition was not available except for May 20 and 26. The optical depth up to 6 km obtained from the lidar agrees well with the optical depth observed with the sky-radiometer. This indicates that the assumption of lidar ratio of 50 is acceptable.
[9] Plumes of aerosols were observed from 1400 JST May 20 to 2300 JST May 21, and 2000 JST May 25 to 2200 JST May 26. The aerosol depolarization ratio (ADR) reveals that the plumes contain dust aerosols. The two-wavelength ratio indicates that particle size is relatively large in the plumes. This is consistent with the fact that dust aerosol particles are generally large. In the atmospheric boundary layer up to 0.6 -1.5 km, ADR was generally low. However, it was slightly high on May 14 -15 and May 18-22.
[10] A layered structure is seen in the aerosol plume observed on May 26. ADR is large above 1.6 km, but ADR is relatively small in the middle layer (0.8-1.6 km). It is especially low in the boundary layer below 0.8 km. The wavelength ratio is relatively small in the middle layer. This indicates relatively small spherical aerosols were dominant in the middle layer. In the boundary layer, spherical liquid sea salt was probably dominant.
[11] Figure 3 shows the time-height cross section of dust and sulfate predicted by CFORS along the path of R/V Mirai. In Figure 3 , the dust plumes on May 21 and May 26 were predicted by CFORS quite well. On May 21, a lowconcentration sulfate plume was predicted at a lower altitude. On May 26, relatively high-concentration sulfate plumes were predicted in the same altitude range as the dust plumes with a slight delay. The observed structure of aerosol plumes shown in Figure 2 is conceptually explained with the CFORS prediction if we identify the observed spherical aerosols in the middle layer of the plume on May 26 as sulfate. Slightly high ADR in the boundary layer on May 18-21 is also conceptually explained by the high dust concentration in the CFORS prediction. Figure 4 indicate theoretical values calculated for (A) sulfate, (B and C) sea salt, and (D and E) dust using OPAC model [Hess et al., 1998 ]. We gave the ADR of 0.3 for the dust arbitrarily here, because ADR is not obtained from OPAC. The line in the figure indicates theoretical values for simple external mixture of A and D. Though these modeled values are dependent on various assumptions and contain large ambiguity especially for dust aerosols, Figure 4 shows a possibility of characterizing aerosols using observed wavelength ratio and ADR. From Figure 4 and the distribution pattern of the CFORS prediction, the aerosols in the boundary layer are most likely a mixture of sea salt and sulfate. The aerosols in the upper layers are probably a mixture of sulfate and dust. A part of data points in the upper layers falls on a line describing an external mixture. However, there are many data points in the low ADR side of the line. This may be explained by internal mixing of dust and sulfate [Iwasaka et al., 1988] . Relative humidity observed with a radiosonde at 0900 May 26 was 60 to 65% at 0 to 1.2 km, 2.4 to 2.6 km, and 3.4 to 4.3 km, and 70 to 80% at1.6 to 1.8 km. In these high humidity regions, internal mixing possibly occurs.
Conclusion
[13] Plumes of dust and sulfate aerosols from the Asian continent were observed with the two-wavelength depolarization lidar in the Pacific. The distribution pattern of aerosols conceptionally agreed with the prediction by CFORS. Observed aerosol depolarization ratio and wavelength ratio indicates a possibility of characterization of aerosols using two-dimensional scatter diagram. The observed layered plume on May 26 shows the characteristics of a mixture of sea salt and sulfate in the boundary layer, and a mixture of sulfate and dust in the upper layers. Also, it shows a possibility of internal mixture of dust and sulfate. Though there is still large ambiguity in the interpretation, we think the characterization of aerosol using the scatter diagram is useful. We think it is important to accumulate lidar observation data to obtain climatological values for typical aerosol components and mixtures in the future studies.
